Tie L, Li XJ, Wang X, Channon KM, Chen AF. Endotheliumspecific GTP cyclohydrolase I overexpression accelerates refractory wound healing by suppressing oxidative stress in diabetes. Am J Physiol Endocrinol Metab 296: E1423-E1429, 2009. First published March 31, 2009 doi:10.1152/ajpendo.00150.2009.-Refractory wound is a severe complication that leads to limb amputation in diabetes. Endothelial nitric oxide synthase (eNOS) plays a key role in normal wound repair but is uncoupled in streptozotocin (STZ)-induced type 1 diabetes because of reduced cofactor tetrahydrobiopterin (BH4). We tested the hypothesis that overexpression of GTP cyclohydrolase I (GTPCH I), the rate-limiting enzyme for de novo BH4 synthesis, retards NOS uncoupling and accelerates wound healing in STZ mice. Blood glucose levels were significantly increased in both male endothelium-specific GTPCH I transgenic mice (Tg-GCH; via a tie-2 promoter) and wild-type (WT) littermates 5 days after STZ regimen. A full-thickness excisional wound was created on mouse dorsal skin by a 4-mm punch biopsy. Wound closure was delayed in STZ mice, which was rescued in STZ Tg-GCH mice. Cutaneous BH4 level was significantly reduced in STZ mice vs. WT mice, which was maintained in STZ Tg-GCH mice. In STZ mice, constitutive NOS (cNOS) activity and nitrite levels were decreased compared with WT mice, paralleled by increased superoxide anion (O 2 Ϫ ) level and inducible NOS (iNOS) activity. In STZ Tg-GCH mice, nitrite level and cNOS activity were potentiated and O 2 Ϫ level and iNOS activity were suppressed compared with STZ mice. Thus endothelium-specific BH 4 overexpression accelerates wound healing in type 1 diabetic mice by enhancing cNOS activity and suppressing oxidative stress. tetrahydrobiopterin IMPAIRED WOUND HEALING in diabetic patients is a serious complication that often leads to amputation with limited treatment regimens (34). Various factors contribute to delayed diabetic wound healing, including inflammatory response, decreased quantity of granulation tissue, peripheral neuropathy, and reduced wound angiogenesis (4, 11). Nitric oxide (NO) is a critical signaling molecule of angiogenesis and serves as a key autocrine and paracrine mediator in skin homeostasis (39). A decrease in cutaneous endothelial nitric oxide synthase (eNOS) contributes to impaired diabetic wound healing (17, 32, 36 Ϫ instead of NO (6). In diabetes BH 4 is decreased, and sepiapterin supplementation elevates BH 4 and restores NO production (22, 33) . eNOS uncoupling was found in both heart and aortic endothelial cells of streptozotocin (STZ)-induced diabetic mice, with concomitant heart and endothelial dysfunction (25, 30). The intracellular BH 4 level is controlled by its de novo synthesis pathway from guanosine triphosphate (GTP), and GTP cyclohydrolase I (GTPCH I) is the first and rate-limiting enzyme (37). In vitro overexpression of GTPCH I by gene transfer could reverse diabetes-induced BH 4 deficiency and restore the ability of endothelial cells to produce NO (21) . In vivo studies have demonstrated that an increase in BH 4 level is able to inhibit vascular oxidative stress and ameliorate eNOS function in diabetes in a transgenic mouse model with endothelium-targeted GTPCH I overexpression (Tg-GCH) (2, 5). However, little information is available regarding how endogenous BH 4 influences wound healing in diabetes when eNOS becomes uncoupled.
tetrahydrobiopterin IMPAIRED WOUND HEALING in diabetic patients is a serious complication that often leads to amputation with limited treatment regimens (34) . Various factors contribute to delayed diabetic wound healing, including inflammatory response, decreased quantity of granulation tissue, peripheral neuropathy, and reduced wound angiogenesis (4, 11) . Nitric oxide (NO) is a critical signaling molecule of angiogenesis and serves as a key autocrine and paracrine mediator in skin homeostasis (39) . A decrease in cutaneous endothelial nitric oxide synthase (eNOS) contributes to impaired diabetic wound healing (17, 32, 36) . Conversely, enhancing wound NO bioavailability by supplementation of its precursor L-arginine or topical application of NO donors accelerates diabetic wound healing (40 -42) . Our previous study (20) demonstrated that cutaneous gene therapy of eNOS restores delayed diabetic wound healing with a concomitant augmentation of eNOS protein and activity, as well as suppression of wound superoxide anion (O 2 Ϫ ) level. Tetrahydrobiopterin (BH 4 ) is an essential cofactor of eNOS (8) , maintaining its stability by binding to the heme moiety of the enzyme as well as participating in the oxidation of Larginine to L-citrulline and NO formation (38) . A reduced level of BH 4 results in eNOS uncoupling and the consequent production of O 2 Ϫ instead of NO (6) . In diabetes BH 4 is decreased, and sepiapterin supplementation elevates BH 4 and restores NO production (22, 33) . eNOS uncoupling was found in both heart and aortic endothelial cells of streptozotocin (STZ)-induced diabetic mice, with concomitant heart and endothelial dysfunction (25, 30 ). The intracellular BH 4 level is controlled by its de novo synthesis pathway from guanosine triphosphate (GTP), and GTP cyclohydrolase I (GTPCH I) is the first and rate-limiting enzyme (37) . In vitro overexpression of GTPCH I by gene transfer could reverse diabetes-induced BH 4 deficiency and restore the ability of endothelial cells to produce NO (21) . In vivo studies have demonstrated that an increase in BH 4 level is able to inhibit vascular oxidative stress and ameliorate eNOS function in diabetes in a transgenic mouse model with endothelium-targeted GTPCH I overexpression (Tg-GCH) (2, 5) . However, little information is available regarding how endogenous BH 4 influences wound healing in diabetes when eNOS becomes uncoupled.
In the present study, we used Tg-GCH mice to test the hypothesis that BH 4 can rescue the delayed wound healing in type 1 diabetes by suppressing oxidative stress. Our results demonstrate that endothelium-specific overexpression of GTPCH I accelerates wound healing in STZ-induced type 1 diabetic mice through enhanced constitutive NOS (cNOS) activity and suppressed oxidative stress.
MATERIALS AND METHODS
Induction of type 1 diabetes. Wild-type (WT) C57BL/6 male mice were obtained from Charles River Breeding Laboratories (Portage, MI). Tg-GCH mice of C57BL/6 background were bred in house. WT and Tg-GCH mice at 10 -12 wk of age (20 -25 g ) were rendered diabetic by intraperitoneal injection of 60 mg/kg STZ (Sigma-Aldrich) in 50 mM sodium citrate (pH 4.5) daily for 5 days (20, 27) . Control mice were treated with daily injections of citrate buffer. Blood glucose was measured from the mouse tail vein with a OneTouch blood glucose meter (Lifescan). Once blood glucose level reached Ͼ250 mg/dl, daily measurements followed for 1 wk before experiments. All animal procedures were approved by the Institutional Animal Care and Use Committee.
Full-thickness excisional wound. One week after blood glucose reached 250 mg/dl (13), STZ mice and citrate-treated control mice were anesthetized with a halothane-oxygen vapor mixture (1.0 -1.5%), and the dorsum was clipped free of hair. A full-thickness excisional wound was created on the dorsomedial back of each animal with a 4-mm punch biopsy (Acuderm). Full-thickness skin was removed, exposing the underlying muscle, and then the wound was covered with a bioclusive transparent dressing (Johnson & Johnson). Wound closure rate was measured by tracing the wound area every other day onto the bioclusive dressing. The tracings were digitized, and the areas were calculated in blinded fashion with the use of a computerized algorithm (Sigma Scan; Jandel Scientific), as we described previously (20) .
Superoxide measurement. Cutaneous O 2 Ϫ level was quantified by lucigenin-enhanced chemiluminescence on wound closure as we described previously (18, 20) . Wound tissue clipped free of hair was cut into 2 ϫ 2-mm pieces and placed in polypropylene tubes containing 5 M lucigenin in 1 ml of modified Krebs solution. Tubes were read in a luminometer (TD-20/20, Turner Designs) at 10 min after initiation of the reaction. O 2 Ϫ level was expressed as nanomoles per minute per milligram of tissue. In addition, the O 2 Ϫ -sensitive fluorescent dye dihydroethidium (DHE) was used to evaluate in situ production of O 2 Ϫ on wound closure as we described previously (18, 20) . Unfixed frozen skin tissues were cut into 30-m sections and placed on glass slides. Slides were incubated with 1 M DHE in a light-protected, humidified chamber at 37°C for 30 min and then coverslipped. Tissue sections were then visualized with a Zeiss 210 confocal microscope, and fluorescence was detected with a 590-nm long-pass filter. Images were collected and stored digitally.
BH 4 measurement. Cutaneous BH4 level was measured by highperformance liquid chromatography (HPLC) with fluorescence detection after iodine oxidation in acidic or alkaline conditions as we previously described (43) . Briefly, tissues were homogenized in cold extract buffer [in mM: 50 Tris ⅐ HCl pH 7.4, 1 dithiothreitol (DTT), 1 ethylenediaminetetraacetic acid (EDTA)] and centrifuged at 16,000 g for 15 min at 4°C. Protein was removed by adding 10 l of a 1:1 mixture of 1.5 M HClO 4 and 2 M H3PO4 to 90 l of extracts, followed by centrifugation. To determine total biopterin [BH4, dihydropterin (BH2), and oxidized biopterin] by acid oxidation, 10 l of 1% iodine in 2% KI solution was added to the 90 l of protein-free supernatant. To determine BH2 and oxidized biopterin by alkali oxidation, 10 l of 1 M NaOH was added to 80 l of extract and then 10 l of 1% iodine in 2% KI solution was added. Samples were incubated at room temperature for 1 h in the dark. Alkaline oxidation samples were then acidified with 20 l of 1 M H 3PO4. Iodine was reduced by adding 5 l of fresh ascorbic acid (20 mg/ml). Samples of 50 l were injected into a 250-mm-long, 4.6-mm-inner diameter Spherisorb ODS-1 column (5-m particle size; Alltech Associates) isocratically eluted with a methanol-water (5:95, vol/vol) mobile phase running at a flow rate of 1.0 ml/min. Fluorescence detection (350 nm excitation, 450 nm emission) was performed with a fluorescence detector (RF10AXL, Shimadzu). BH 4 concentrations, expressed as picomoles per milligram of protein, were calculated by subtracting BH 2 plus oxidized biopterin from total biopterins.
Radioimmunoassay of NOS activity. Skin tissues were homogenized and centrifuged, and supernatants were subjected to NOS activity assay with a commercial NOS radioimmunoassay (RIA) kit (Calbiochem) as we described previously (20) . Briefly, aliquots of supernatants were incubated with [
3 H]arginine (10 M final arginine, 62 Ci/mM; Amersham) in the presence of 1 mmol/l NADPH, 3 mol/l BH 4, 600 mol/l CaCl2, 1 mol/l flavin adenine dinucleotide, and 1 mol/l flavin mononucleotide in a final volume of 50 l for 60 min at room temperature. The reaction was quenched with 400 l of stop buffer. Experiments were also performed in the presence of either EGTA (5.0 mM) or N G -nitro-L-arginine (L-NNA; 1 mM). After resin was added, the reaction mixtures were transferred to spin cups and 3 H]arginine in the absence of skin tissue served as background counts, which were subtracted from all measurements. L-NNA was used to block all NOS activity. EGTA was added to the reaction mixture to eliminate calcium and estimate inducible nitric oxide synthase (iNOS) activity. cNOS [eNOS and neuronal NOS (nNOS)] activity was then determined by taking the difference between total NOS activity and iNOS activity, as we previously described (20) . The results were normalized to protein content as measured by the bicinchoninic acid (BCA) assay (Pierce)
Nitrite measurement. Wound tissue was cut into small pieces on wound closure and used to determine nitrite level with Griess reagents (Sigma Chemical) as we described previously (20) 
Statistical analysis. Data are expressed as means Ϯ SE. The significance of differences between groups was evaluated by unpaired Student's t-test. When more than two treatment groups were compared, one-way ANOVA with Newman-Keuls test was used. A probability level of P Ͻ 0.05 was considered statistically significant.
RESULTS

Induction of diabetes in mice.
As shown in Table 1 , STZ administration induced diabetes in mice as evidenced by hyperglycemia [blood glucose levels: 392 Ϯ 10 vs. 168 Ϯ 4 mg/dl in WT mice (P Ͻ 0.05) and 369 Ϯ 33 vs. 166 Ϯ 4 mg/dl in Tg-GCH mice (P Ͻ 0.05)].
Effects of GTPCH I overexpression on wound healing in diabetic mice. As shown in Fig. 1A , compared with control mice the rate of wound closure was significantly delayed in STZ mice (67.23 Ϯ 3.84% vs. 34.82 Ϯ 9.27% on day 6; P Ͻ 0.01). The percentage of wound closure in STZ Tg-GCH mice was significantly higher than that in WT STZ mice beginning on day 6 (57.75 Ϯ 5.35% vs. 34.82 Ϯ 9.27%; P Ͻ 0.05) and continuing through day 18 (Fig. 1B) . There was no difference in wound healing between WT and Tg-GCH mice (67.23 Ϯ 3.84% vs. 65.80 Ϯ 3.59% on day 6; P Ͼ 0.05).
Overexpression of GTPCH I decreases cutaneous O 2
Ϫ level in diabetic mice. To determine the effects of endotheliumspecific GTPCH I overexpression on cutaneous oxidative stress in diabetes, we estimated cutaneous O 2 Ϫ levels, using two complementary methods. In situ detection of O 2 Ϫ by lucigeninenhanced chemiluminescence showed that cutaneous ethidium fluorescence in WT STZ mice was increased compared with control mice (P Ͻ 0.01) (Fig. 2C) . The cutaneous O 2 Ϫ level in STZ-induced Tg-GCH diabetic mice was significantly attenuated compared with that of WT STZ mice (Fig. 2C) . Consistently, DHE staining revealed that the increased cutaneous O 2 Ϫ level in diabetic mice was diminished by GTPCH I overexpression in Tg-GCH mice (Fig. 2, A and B) .
Effects of GTPCH I overexpression on cutaneous BH 4 level. We next examined the impact of GTPCH I on cutaneous BH 4 level with HPLC (Fig. 3) . Cutaneous BH 4 level was significantly reduced in WT STZ mice compared with nondiabetic control mice. Endothelium-targeted GTPCH I overexpression resulted in a significant increase of cutaneous BH 4 level in Tg-GCH mice, approximately threefold higher compared with WT mice. BH 4 level in STZ Tg-GCH mice was significantly elevated compared with that of WT STZ mice (P Ͻ 0.01) (Fig. 3) .
Effects of GTPCH I overexpression on NOS activity in diabetic mice.
To further evaluate the relationship between BH 4 level and NOS activity, we examined whether cNOS and iNOS activity were altered by STZ-induced diabetes and GTPCH I overexpression. In WT mice, cutaneous cNOS activity was decreased after the STZ regimen. Endothelium-targeted GTPCH I overexpression reversed STZ-evoked reduction of cNOS activity ( Fig. 4B ; n ϭ 4 -6, P Ͻ 0.05). In contrast, STZ treatment resulted in a significant increase of iNOS activity in WT mice, which was retarded by GTPCH I overexpression in STZ Tg-GCH mice ( Fig. 4A ; n ϭ 4 -6, P Ͻ 0.05). In addition, there was no significant difference in cNOS and iNOS activities between WT and Tg-GCH mice (Fig. 4, A-C ; n ϭ 4 -6, P Ͼ 0.05).
Effects of GTPCH I overexpression on NO level in diabetic mice. We next estimated cutaneous NO level by measuring its stable metabolite nitrite. The cutaneous nitrite level was significantly reduced in STZ mice compared with nondiabetic control mice. Endothelium-targeted GTPCH I overexpression resulted in a significant increase of cutaneous nitrite level in Tg-GCH mice compared with WT mice (P Ͻ 0.01). Nitrite level in STZ Tg-GCH mice was significantly enhanced compared with that in WT STZ mice (P Ͻ 0.01) (Fig. 5) .
DISCUSSION
The present study provides first evidence that in vivo endothelium-targeted overexpression of GTPCH I in STZ-induced type 1 diabetic mice 1) ameliorated the wound healing delay, 2) significantly increased cutaneous BH 4 and decreased O 2 Ϫ levels, and 3) restored the decreased cutaneous cNOS activity (Fig. 6 ).
The intracellular BH 4 level depends on a balance of its de novo synthesis and degradation. BH 4 de novo synthesis uses GTP as the precursor, and GTPCH I is the first and ratelimiting enzyme (37) . The importance of GTPCH I in BH 4 level and eNOS activity has been explored both in vivo and in vitro. Our previous study (43) showed that in vitro gene transfer of human GTPCH I could restore arterial GTPCH I activity and BH 4 level, with subsequent reduction of O 2 Ϫ level, augmentation of basal NO level, and improvement of endothelium-dependent relaxation. Establishment of an in vivo model with endothelium-specific GTPCH I overexpression provides an efficient approach to investigate the role of endogenous BH 4 in endothelium (2) . In Tg-GCH mice, BH 4 level was found to be two-to fourfold higher in organs with a high proportion of endothelial cells such as lungs and aorta but not increased in plasma or tissues such as liver (2) . In the present study, our data showed that BH 4 level was increased ϳ1.5-fold in the skin of Tg-GCH mice.
NO serves as a key mediator in skin homeostasis (19) . It promotes processes central to wound healing including angiogenesis (9), migration and proliferation of fibroblasts, epithelial cells, keratinocytes, endothelial cells, and the mobilization of endothelial progenitor cells (13) . It is well established that all three NOS isoforms are expressed in skin. Expression of nNOS has been observed in keratinocytes and melanocytes; eNOS can be detected in keratinocytes of the basal epidermal layer, dermal fibroblasts, endothelial capillaries, and eccrine glands; and iNOS can be induced in keratinocytes, fibroblasts, Langerhans, and endothelial cells (12, 19) . Recent studies including ours have demonstrated that cutaneous eNOS expression, cNOS activity, and NO level are significantly decreased in STZ-induced type 1 diabetes (20, 31, 36) . In vivo cutaneous gene therapy of eNOS on the wounds of diabetic mice was able to restore eNOS protein and NO level and accelerate wound healing in STZ-induced diabetic mice (20) . In the present study, we found that there were decreased cutaneous cNOS activity and nitrite levels in STZ-induced diabetic mice; however, iNOS activity was found to be increased in STZ diabetic mice, and this was reversed by endothelium-specific GTPCH I overexpression. In support of this possibility, increased iNOS activity has been reported in both chronic venous ulcers and diabetic foot ulcers (1, 16) . Furthermore, studies have shown that endothelial cNOS and iNOS are regulated differently in STZ-induced diabetes, in that prolonged hyperglycemia led to a downregulation of eNOS but at the same time resulted in upregulation of iNOS in the heart, aorta, and kidneys, as well as the sciatic nerve (3). Vascular endothelium was shown to be the main site of altered eNOS as well as iNOS expression in these tissues (3) . Consistently, increased iNOS expression and decreased eNOS expression exist in cardiovascular tissues, in parallel with endothelial dysfunction in STZ-induced diabetes (24) . Although the underlying mechanisms are not completely understood, hyperglycemia-induced PKC activation appears to be responsible for the augmented iNOS expression.
Diabetes manifests in a significant decrease of BH 4 in vascular tissue or cultured endothelial cells (5, 33) . In the inactivates NO, forming peroxynitrite, which in turn can oxidize BH 4 within minutes at a physiologically relevant concentration. Importantly, overproduction of peroxynitrite could increase iNOS through NF-B activation in endothelial cells (7) . In addition, with the use of the O 2 Ϫ spin trap DEPMPO and the NO spin trap Fe-MGD complex, it has been proven that BH 4 cofactor deficient iNOS is not a NO-producing enzyme but a O 2 Ϫ -producing enzyme (15) . These studies are in agreement with our present findings, and together they suggest that in diabetes a depleted BH 4 level contributes to decreased cNOS activity but increased O 2 Ϫ production that may lead to potentiated iNOS activity (28) . Therefore, differential regulation of cNOS and iNOS activities may result in a lower cutaneous NO level in STZ mice. In diabetic Tg-GCH mice, the cutaneous O 2 Ϫ level was markedly reduced compared with WT mice, but the cutaneous BH 4 level was maintained to restore cNOS activity and suppress oxidative stress, resulting in improved wound healing. Studies have shown that diabetes evoked impairment of endothelium-dependent relaxation in arteries, which was alleviated in iNOS-deficient mice (14) .
Our present data showed that the increase of endothelial BH 4 level had no effects on basal iNOS and eNOS activities in Tg-GCH mice, and there was no difference in wound healing between WT and Tg mice. In contrast, GTPCH I overexpression evoked a significant increase in nitrite level in Tg-GCH mice compared with WT mice. One possibility is that under normal conditions the cutaneous NO level is sufficient with enough BH 4 , and thus a further increase in BH 4 level does not make a significant difference in NO production. In contrast, as a potent reducing molecule, BH 4 increased by GTPCH I overexpression could readily reduce oxidative stress in diabetes, resulting in abrogated oxidation of NO as shown in STZ-treated Tg-GCH mice. Despite the high concentration of BH 4 in the reaction mixture of the NOS activity assay, cNOS activity was found to be significantly reduced in the skin of STZ mice, which is consistent with our previous findings (20) . Previous studies have shown that maximal NOS activity depends not only on BH 4 availability but also on the relative concentration of BH 2 , because BH 2 can depress NOS activity (29) . Thus GTPCH I overexpression may increase cNOS activity by maintaining an optimal BH 4 -to-BH 2 ratio in the reaction mixture.
Oxidative stress has been proposed as an important pathogenic factor in diabetic wound complications (35) . Accordingly, antioxidants have been reported to accelerate diabetic wound healing. Vitamin E supplementation enhances the wound healing process in diabetic rats (23) . Curcumin, which is known to exert antioxidant effects, also improves wound healing by decreasing reactive oxygen species and modulating collagen formation (26) . Unlike exogenous antioxidants, BH 4 may ameliorate delayed wound healing in diabetes in two processes; besides alleviating cutaneous oxidative stress, it could restore normal cNOS and iNOS activities. Consistent with this notion, endothelium-specific overexpression of GTPCH I rescues endothelial dysfunction in STZ-induced type 1 diabetes and DOCA-salt hypertension; both exhibit typical eNOS uncoupling (2, 10). Our findings may provide a mechanistic basis for augmentation of endogenous BH 4 levels by targeting GTPCH I as a rational therapeutic strategy to recouple eNOS and suppress oxidative stress on wound healing in type 1 diabetes.
In summary, the results of the present study demonstrate that endothelium-targeted overexpression of GTPCH I accelerates wound healing in type 1 diabetes by increasing cutaneous BH 4 level and suppressing oxidative stress (Fig. 6 ). These findings may provide a mechanistic basis for targeting the endogenous GTPCH/ BH 4 pathway as a potential therapeutic strategy to combat endothelial dysfunction and refractory wound healing in diabetes.
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